Abstract: A reflective fiber-optic interferometer for ultra-high temperature measurement is proposed and experimentally demonstrated. The device consists of a short piece of polarization-maintaining photonic crystal fiber (PM-PCF) spliced with a lead-in single mode fiber (SMF) without any offset. The hollow holes within the PM-PCF are partly collapsed due to the directional arc-heating splicing and excite two linearly polarized (LP) modes over the downstream PM-PCF. These two LP-modes are reflected at the end face of PM-PCF and backward recoupled into the lead-in SMF through the collapsed region. A superimposed interference pattern is obtained as the result of interference of the polarized modes. The proposed interferometer is demonstrated for ultra-high temperature measurement up to 1100 C with a sensitivity of 12.3 pm= C over repeated measurements. Meanwhile, isochronally thermal annealing has been studied to address the effect of residual stress in the sensing probe and the feasibility of further improving temperature measurement range of the device.
Abstract: A reflective fiber-optic interferometer for ultra-high temperature measurement is proposed and experimentally demonstrated. The device consists of a short piece of polarization-maintaining photonic crystal fiber (PM-PCF) spliced with a lead-in single mode fiber (SMF) without any offset. The hollow holes within the PM-PCF are partly collapsed due to the directional arc-heating splicing and excite two linearly polarized (LP) modes over the downstream PM-PCF. These two LP-modes are reflected at the end face of PM-PCF and backward recoupled into the lead-in SMF through the collapsed region. A superimposed interference pattern is obtained as the result of interference of the polarized modes. The proposed interferometer is demonstrated for ultra-high temperature measurement up to 1100 C with a sensitivity of 12.3 pm= C over repeated measurements. Meanwhile, isochronally thermal annealing has been studied to address the effect of residual stress in the sensing probe and the feasibility of further improving temperature measurement range of the device.
Index Terms: Fiber-optic sensor, photonic crystal fiber, interferometer, temperature measurement.
Introduction
Photonic crystal fibers (PCFs) as the new generations of optical fibers have played an important role in many fields [1] - [4] , due to their unique properties that cannot be realized in unstructured fibers. The PCFs are generally divided into two catalogues: index-guiding PCF and photonics bandgap PCF. Diverse PCFs have been employed to fabricate low-loss interferometer and sensor with reduced splicing loss and suitable length [5] . Different from conventional polarization-maintaining fiber (PMF) achieved in BPanda[, Bbow-tie[ or elliptical core fiber [6] , the polarization-maintaining photonic crystal fibers (PM-PCFs) as one of index-guiding PCF group show some new advantages because of their higher birefringence, lower intrinsic temperature sensitivity [7] , and high temperature resistance (compared with fiber grating-based devices especially). Different approaches to realize the fabrication of PM-PCFs have been reported [8] . Among them, the high birefringence of PCF is especially utilized for in-fiber polarized devices including fiber lasers [9] and sensors [10] , [11] . These fiber components mainly take the advantages of the polarizationmaintaining (or the intrinsic high birefringence) and temperature-insensitive properties of PM-PCF. For example, a fiber optic interferometer based on intermodal coupling of two linearly-polarized (LP) modes within PM-PCF has been proposed for torsion measurement [12] . One problem limiting the reported work is the small interference fringe contrast over the detected spectrum significantly decreases the resolution (or sensitivity) of the sensor and measurable range as well.
Sensing in ultra-high temperature environment, such as turbines, combustors, nuclear reactors and aerospace systems, has been attracted considerable interest. Multiple fiber interferometers based on modal interference method perform excellently in high temperature measurement. For example, a thin-core fiber sandwiched between two single mode fibers (SMFs) has been demonstrated to measure the temperature up to 850 C [13] . A fiber device based on MachZehnder (MZ) has proposed to measure temperature up to more than 900 C [14] . However, the doped fibers used in these components may suffer from dopant diffusion which modifies their guiding properties and thus weakens their stability under high temperature environment for the long term. A miniaturized MZ interferometer with a part of core and cladding of the fiber removed by femtosecond laser micromachining could avoid the dopant diffusion effect in fiber and steadily measure high temperature up to 1100 C [15] . Besides, fiber-optic Fabry-Perot interferometers (FFPIs) can also avoid this drawback and measure high temperature up to more than 1000 C, such as the fiber-tip micro-cavity formed by a heating/melting the capillary [16] , ZrO 2 thin-film-based sapphire fiber device [17] , and sapphire fiber-based extrinsic Fabry-Perot interferometer [18] . Besides, multiple grating-based devices have been fabricated to push up their operable temperature up to 1000 C. Their fabrications may include tailoring the glass composition [19] , specific thermal or annealing processes on conventional gratings [20] , [21] and inscribing gratings using femtosecond lasers [22] .
In this paper, we propose a compact reflection-based fiber-optic interferometer for ultra-high temperature measurement with a simple fabrication that a short piece of PM-PCF is spliced with a lead-in SMF. The LP modes of LP 01 and LP 11 are excited over the PM-PCF section, and reflected by end face of PM-PCF and finally backward recoupled into SMF via splicing cross-section. A superimposed interference pattern is obtained as the result of three-wave interference. The free spectrum range (FSR) of interference is dominated and modulated by the effective optical length of PM-PCF. Theoretical analysis of the interference spectrum and its response to temperature change have been studied via three-wave interference model, which have been experimentally demonstrated for the ultra-high temperature measurement up to 1100 C. To ensure the thermally stability, the proposed sensor has been annealed isochronally over different high temperature cycles. The proposed PM-PCF sensor performs a linear temperature sensitivity of 12.3 pm= C over repeated temperature measurements, which is about 30 times higher than that of the previous PM-PCF-based devices [9] , [11] , [23] , [24] . This sensitivity is comparable to grating-based sensor but extremely extends the temperature measurement range up to 1100 C. Compared with the previous reports, the fabrication of sensing device is simple and cost-effective, making it a good candidate for ultra-high temperature measurement. Fig. 1 shows the schematic diagram of the temperature sensing system. The light generated by an amplified spontaneous emission (ASE) is leaded into the sensing fiber by a circulator. The reflection spectrum is monitored by an optical spectrum analysis (OSA) with a wavelength resolution of 0.02 nm. The sensing device consists of a section of PM-PCF (produced by YOFC in China) spliced with a standard SMF without any lateral offset. The photographs of PM-PCF (cross-section and side seeing) are shown in Fig. 2(a) . It has the following structural characteristics: all-silica, 2 large holes with 7.7 m in diameter, 5-layers hollow holes, 88 small holes with 3.2 m diameter, 2.3 m pitch between two small holes, and one elliptical core with 4.0 m and 7.5 m diameters corresponding to the two orthogonal axes, respectively. The diameters of hollow holes in the cladding of PM-PCF are different, making the six-fold rotational symmetry transform into the two-fold rotational symmetry. When the splicing is operated at the arc discharge condition of I ¼ 20 units and t ¼ 300 ms by a commercial fusion splicer (Fujikura FSM-60S), the cross-section of PM-PCF is partly collapsed, as shown at the right of Fig. 2(a) . The first spatial modes, i.e., the fundamental mode of LP 01 and the second mode of LP 11 , are excited and coupled into the PM-PCF via the collapsed region. The multiple polarized modes of LP 01 ðxÞ and LP 01 ðyÞ, LP 11 ðxÞ and LP 11 ðyÞ are generated when the light is launched at certain direction relatively to the eigenaxes of PM-PCF. And then a superimposed spectrum pattern formed by the three-wave interference can be obtained, as shown in Fig. 2(b) . Its maximum fringe contrast is 9.3 dB which is about 12 times larger than that of Ref [12] .
Principle and Sensing System
In order to analyze the characteristics of interference pattern, the wavelength spectrum in Fig. 2(b) is fast Fourier transformed (FFT) to the spatial frequency domain [as shown in Fig. 2(c) ] and the further modes coupling scheme is studied. The frequency spectrum presents the relationship between the frequency of the fringes of channeled spectrum and their amplitude. It also can be seen that the interference spectrum in Fig. 2(b) mainly results from three-wave of LP 01 ðyÞ, LP 11 ðyÞ and LP 11 ðxÞ interference. The intensity of LP 01 ðxÞ is weak and just participates in modifying the main interference. According to the Fig. 2(c) 1 and B 2 , the large enveloping in Fig. 2(b) is owing to the interference between LP 11 ðxÞ and LP 11 ðyÞ, and the interference pattern with the narrow bandwidth is as result of interference between LP 01 ðyÞ, LP 11 ðyÞ and LP 11 ðxÞ. Moreover, we plot and calculate the index profiles of polarized modes by the commercial BEAMPROP software, as shown in the insert of Fig. 2(c) After the light propagating forward or backward along L-long PM-PCF, the birefringence between polarized modes induce phase differences, Á' 1 ¼ 2B 1 L= m , Á' 2 ¼ 2B 2 L= m and Á' 3 ¼ 2B 3 L= m , where m is the signal wavelength in vacuum. The above mentioned transmission characteristics of light are further analyzed by a three-wave interference model [26] . The intensity of output light can be presented as followings:
where E 1 , E 2 and E 3 are the amplitudes of LP 01 ðyÞ, LP 11 ðyÞ and LP 11 ðxÞ, respectively. The interference pattern changes as a function of temperature based on the following two effects: thermaloptic effect, i.e., the variation of group index difference of polarized modes (and, consequently, B 1 , B 2 and B 3 ) versus temperature variation, ÁT; thermal expansion effect, i.e., the length of sensing fiber versus ÁT. The corresponding change functions can be written as:
By substituting the Eqs. (2a) and (2b) into the Eq. (1), the interference intensity as the function of ÁT can be deduced as
where I 1 , I 2 and I 3 are the electric field intensity of LP 01 ðyÞ, LP 11 ðyÞ and LP 11 ðxÞ, their normalized values can be obtained from Fig. 2(c) . For a silica fiber, the thermal expansion coefficient is 5:5 Â 10 À7 = C. The group index difference change with temperature, 1;2 ¼ @B j =@T, is circa À3:8 Â 10 À8 = C [3] , which is much larger than that of À2 Â 10 À9 = C between LP 01 ðxÞ and LP 01 ðyÞ [23] . It will effectively enhance the temperature sensitivity of sensing device. Besides, s L@B j =@T is infinitesimally small and its effect can be ignored, and thus the Eq. (3) can be simplified as
In the Eq. (4), the fourth and fifth terms determine the interference pattern with narrow bandwidth, while the last term determines the larger interference enveloping which is analogous to a band filter. In the experiment, the interference valley is selectively employed to measure the temperature response of the sensing device. Its temperature sensitivity highly depends on the phase change with temperature in the fourth and fifth terms. According to Fig. 2(c) , since both the difference between I 2 and I 3 and the difference between B 1 and B 2 are small, the fourth is approximately equal to the fifth terms. We consider the fourth term as a case to represent interference valley shift with the temperature change. Based on the interference theory, the valley shift with temperature can be deduced as
According to Eq. (4), the interference pattern and its temperature responses are simulated, where the length of the PM-PCF is 14 cm with an end face reflectivity of 4%. As shown in Fig. 3 , when the temperature changes from 0 to 300 C, the interference pattern shows a red-shift (from the red interference pattern to the blue one). Meanwhile, the intervals of the dip wavelengths at the short and long wavelengths represent small difference, and the long dip wavelengths show slightly higher temperature sensitivity. It is due to that the interference pattern and its spectral shift are temperature dependent, according to the Eq. (4). The wavelength near 1560 nm is employed as an indicator and presents a significant wavelength shift of 3.8 nm. The temperature sensitivity is calculated as about 12.6 pm= C. Here, in the experiment, we shorten the length of PM-PCF to 6 cm so as to obtain a large interference FSR, which effectively enlarges the temperature up to 1100 C.
Experimental Results and Discussion
The PM-PCF sensor is fixed in a temperature oven which is capable of heating the temperature up to 1100 C, as shown in Fig. 1 . The dip wavelength near 1550 nm is set as an indicator for temperature measurement. The temperature is stepwise increased and passively cooled and each temperature point is held for a period time to ensure a well-distributed temperature in the oven before each record, as shown in the insert of Fig. 4 . With temperature rising, the interference dip linearly shifts to the longer wavelength. When the temperature reaches 9 570 C, the dip wavelength sharply shifts to a shorter wavelength (8.683 nm blue-shift) with a rate of about 17 pm= C, and then
shows the red-shift again, as the red line shown in Fig. 4 . This is due to the relaxation of internal stresses Bfrozen[ in the fiber during drawing [27] . The sharp Bblue-shift[ severely limits the maximum value of measurable temperature of proposed sensor. In order to push the Bblue-shift point[ to the higher temperature, the PM-PCF device is annealed with segmental temperature cycles, of which the maximum heating temperatures named Bannealing temperatures[ are of 400 C, 600 C and 700 C, respectively. After these annealing processes, the Bblue-shift point[ is pushed to the temperature of 840 C, as the blue line shown in Fig. 4 . By using the same method, the proposed PM-PCF interferometer is subjected to the higher temperature of 1020 C and 1080 C for annealing operations (limited by the maximum temperature of the heating oven used here). They effectively enhance the Bblue-shift point[ to 1000 C and 9 1100 C successively, with sensitivity of 12.3 pm= C, as the black and green lines shown in Fig. 4 . For the annealing temperature of G 700 C, the dip wavelengths as functions of temperature are shown in Fig. 5(a)-(c) . All of them present good repeatability over the heating and cooling processes. When the annealing temperature is increased to 900 C, a significant unrepeatability (thermal hysteresis effect) occurs with the wavelength difference of 3.89 nm between heating and cooling dips wavelength, as shown in Fig. 5(d) . This unrepeatability is not good for the ultra-high temperature measurement. We will show how to eliminate this problem by repeated high temperature annealing operations as followings. Fig. 6(a) shows the wavelength responses of PM-PCF sensor under several heating and cooling temperature cycles up to 1100 C (and then down to 25 C). Although heating and cooling wavelength response curves are parallel, a clear separation exists between them, with the gap of 3.08 nm (shown in the cycle 1), similar to that of Fig. 5(d) . For normal cylindrical fibers (SMF for example), the thermal hysteresis is directly proportional to the glass internal stresses. However, if the PM-PCF does not subject to above pre-annealing processes for relaxing internal stresses, the gap may be much larger than 3.08 nm. To further relax the internal stresses and reduce the thermal hysteresis, multiple repeated annealing operations are employed. As shown in Fig. 6(a) for temperature cycles 2, 3 and 4, the hysteresis for heating and cooling processes has been significantly decreased, and that means improve the thermal repeatability. The wavelength gap between the heating and cooling processes has been significantly reduced from 3.08 nm to 0.43 nm, resulting in a good thermal repeatability, as shown in Fig. 6(a) and (b) .
In order to further identify the repeatability of the proposed PM-PCF sensor over annealing times, three temperature operations of heating and cooling from 25 C to 1100 C are implemented, which the interval time between each temperature operation is about 72 hours (three days), the measurement results are shown in Fig. 7 (a) and (b). It can be seen that a significant repeatability has been obtained during the heating and cooling processes, respectively. According to the above experimental results, we can get the following conclusion. If the annealing temperature is G 570 C, the dip wavelength response to temperature shows good stability, linearity and repeatability. The appearance of Bblue-shift point[ at the temperature of 570 C may be caused by Bfrozen[ stress partially releasing in silica. With instantaneously releasing the Bfrozen[ stress, the refractive index of the proposed configuration will sharply change to a new equilibrium value and then gradually stabilize over time [28] . The refractive index saltation can result in the interference phase difference change and then cause the Bblue-shift point[. However, the temperature of 570 C does not reach the glass transmission region (from glass to liquid) and does not change the structure of silica (i.e., the inner structure rearrangement). It can be testified by the good repeatability of the temperature cycle with an annealing temperature up to 700 C. When the PM-PCF undergoes the higher temperature, the nonequilibrium glass structure will gradually transmit to the equilibrium liquid (a collection of smaller units). At the higher temperature, the configuration entropy of the smallest unit of the liquid will undergo relaxation process, and the activation barrier can be overcome by the smallest units in order to relax. Therefore, another Bblue-shift point[ is mandatorily generated at the temperature of 870 C (locating at the transition region of silica) and the thermal repeatability is broken. The relaxation of internal stresses of silica fiber can be represented by the equation of De Bast and Gilard ¼ 0 Â expðÀatÞ b , where 0 is original internal stress of fiber, b is constant and a depends on temperature [27] . Therefore, with increasing annealing temperature, we can speed up the relaxation of Bfrozen[ stress (resulting from the density of -quartz and the O-Si-O changes [29] ) and delay the Bblue-shift point[ to appear at the higher temperatures. At the ultra-high temperature of 1100 C, the units of liquid can be rearranged to release internal stress of silica glass in depth, while crystallization process of silica is accompanied. After several slow annealing cycles, the rearrangement of liquid reaches to stability which effectively decreases the residual internal stress of silica fiber. Therefore, the repeatability of sensor responses to temperature cycles is greatly enhanced.
Conclusion
We fabricate and experimentally demonstrate a reflective PM-PCF interferometer for high temperature measurement. The proposed device is easily fabricated by alignment splicing a section of PM-PCF with a lead-in SMF. A superimposed interference pattern is obtained as the result of the intermodal coupling and interference of two LP modes. An interference valley is selected as the indicator to measure temperature change, and its sensitivity is higher than other PM-PCF devices. Moreover, the thermometer can provide remote sensing as a reflective probe, and the fabrication is simple and cost effective, making it a good candidate for in-field high-temperature environment monitoring. Fig. 7 . Cumulative wavelength responses of PM-PCF sensor during heating processes (a) and cooling processes (b) over the range of 25 C to 1100 C.
